Responsiveness to low-level laser treatment (LLTT) at a wavelength of 450-910 nm has established it as an effective treatment of medical, veterinary and dental chronic pain, chronic inflammation conditions (arthritis and macular degeneration), wound repair, and lymphoedema, yet the mechanisms underlying the effectiveness of LLLT remain unclear. However, there is now sufficient evidence from recent research to propose an integrated model of LLLT action. The hypothesis presented in this paper is that external applications of photons (through laser at an appropriate dose) modulates the nervous system through an integrated mechanism. This stimulated mechanism involves protein-to-protein interaction, where two or more proteins bind together to facilitate molecular processes, including modification of proteins by members of SUMO (small ubiquitin-related modifier proteins) and also protein phosphorylation and tyrosination. SUMO has been shown to have a role in multiple nuclear and perinuclear targets, including ion channels, and in the maintenance of telomeres and the post-translational modification of genes. The consequence of laser application in treatment, therefore, can be seen as influencing the transmission of neural information via an integrated and rapid modulation of ion channels, achieved through both direct action on photo-acceptors (such as cytochrome c-oxidase) and through indirect modulation via enzymes, including tyrosine hydroxylase (TH), tyrosine kinases and tyrosine kinase receptors. This exogenous action then facilitates an existing photonic biomodulation mechanism within the body, and initiates ion channel modulation both in the periphery and the central nervous system (CNS). Evidence indicates that the ion channel modulation functions predominately through the potassium channels, including two pore leak channels (K2P), which act as signal integrators from the periphery to the cortex. Photonic action also transforms SUMOylation processes at the cell membrane, nucleus and telomeres via signalling processes from the mitochondria (which is the main target of laser absorption) to these targets. Under the hypothesis, these observed biological effects would play a part in the bystander effect, the abscopal effect, and other systemic effects observed with the application of low level laser (LLLT). The implications of the hypothesis are important in that they point to mechanisms that can account for the effectiveness of laser in the treatment and prevention of inflammatory diseases, chronic pain and neurodegenerative disorders.
Introduction
An understanding of the nervous system and its therapeutic and endogenous modulation through laser application is important in accounting for both treatment effects and the reasons for nonresponsiveness to existing treatment [1] . A research-supported explanatory account of the effect of LLLT that encompasses the diverse reported effects of laser and which provides an understanding of its treatment mechanism has become a prerequisite for the continued use of this modality in clinical practice.
Mechanisms of laser action that have been investigated to date include: mitochondrial membrane and transport modulation, neural transmission effects on the sensory neurons, motor neurons, interneurons and central nervous system [2] [3] [4] [5] [6] and systemic effects from signalling molecules affecting nuclear factor Kappa (NF-jB) [7] , tyrosine kinases [8, 9] nitrous oxide (NO) [10] , reactive oxygen species (ROS) [11] , peroxisome proliferator-activated receptor y (PPARc) [12] , alpha-melanocyte-stimulating hormone (aMSH) [13] and other transcription factors affecting gene expression. However, an integrative mechanism that might link these neural and genetic effects remains poorly understood.
The hypothesis proposed here incorporates the established effects of laser treatment and postulates an underlying integrative mechanism for these observed effects that involves the conformational change of proteins (including ion channels) through SUMOylation (the term for protein and post-translational modification of small ubiquitin-like modifier proteins) [14] and other protein-toprotein transfer of information. SUMOylation can be seen as a broad mechanism that maintains or changes protein (or protein complex) conformation, and so alters their responses to a variety of signals [15, 16] . The factors that drive SUMOylation in cells are unknown [17] but one rationale is that they require ATP and therefore the stability of a protein complex is energy-dependent [15] . The conformational energy of photons is potentially one such energy source. Therefore the rapid response of ion channels via SUMOylation and the role of SUMOylation in regulating transcription factors in the nucleus suggest that the SUMO pathway may serve to couple both acute and long term responses to environmental change [17] .
The ability of organisms to respond to changing conditions over the immediate to long term requires an integrated mechanism. Action by the nervous system peripherally and centrally results in the responsiveness of the body to external stimuli. The concept of the nervous system as an integrated system has been proposed previously in theories such as the somatosensory integration theory [17] , ''unified theory of the nervous system'' [18] , Gate Theory [19] , acupuncture theory and hormesis [20] .
Important to the hypothesis presented here is the notion that mitochondrial metabolism processes are involved in both laser treatment effects and are themselves a source of endogenous photons [21, 22] . Mitochondrial metabolism, especially the metabolic immune response of phagocytosis (cell destruction and renewal), involves metabolic release of reactive oxygen species and the resultant release of infrared light (heat). The metabolic processes that generate body heat are also processes that release photonsendogenous photons, or biophotons -in the visible light spectrum up to near infrared range of 400-820 nm [21] [22] [23] . The conformational change induced in molecules by photons is sufficient to induce conformational mobility of these molecules, disrupt active and passive transport of substances across membranes, and cause changes in membrane stability [24] . This conformational energy is proposed to be sufficient to also induce conformational change in intrinsically unstructured proteins (IUP) [25] especially prion proteins (PrPc) that are important for neural scaffolding and transport of proteins in neurons. Prion proteins are important in cellular signalling and the pathogenesis of diseases such as Alzheimer's and Ataxia [26] . Furthermore the extreme sensitivity of neural membranes and ion channels to deformation forces makes this knowledge important in the mechanobiology of brain function [27] . Even nanoscopic changes in plasma membrane deformation can influence ion channel activity [27] . In summary, consideration of the common mechanisms underlying the effects of biophotonic and LLLT conformational energy assists in the understanding of the role of biophotons in cellular signalling [23] .
An understanding of the laser treatment response involves consideration of the organism's response to stimuli, including the role of mitochondria in cellular signalling [28] . Chronic pain and inflammation can be considered as immune responses [29, 30] , involving immune cells and glial cells [31, 32] . Logically then, chronic pain and chronic inflammatory disease could also be considered to be a dysregulation of the immune response. The immune and nervous responses share the same signalling molecules, which are bidirectional and are related in embryological development to the function and regulation of the melanocyte [33] , and in transcriptional regulation of the adult neural crest cells [34] . These cells include melanocytes, ocular structures, autonomic and sensory neurons and endocrine and glial cells [34] . This constitutes the linking mechanism between neural impulse and metabolism. It follows, therefore, that there may be a common shared mechanism that integrates these two pathways and that they have a combined role in mediating laser treatment effects.
An adequate explanatory account of laser treatment effects on pain and inflammation requires consideration of these known integrative signalling pathways in the neural and immune systems, which also involve the energy source of mitochondrial metabolism. Various researchers have postulated that mitochondrial-produced endogenous photons and various proteins, including ion channels (which are also proteins) may be involved in cellular communication [21, [35] [36] [37] . Thar and Kuhl [35] found that certain specific cellular substrates produce chemiluminescence as a result of metabolism. It is also of note that mitochondria could be categorized as a subspecies of bacteria [38] as a consequence of their evolutionary symbiosis within the eukaryotic cell. Bacteria and other organisms demonstrate bioluminescence as a form of communication [39] in addition to chemical signalling (quorum sensing). Genes that encode these photoreceptors are highly conserved in non-phototrophic bacteria [40] . The generation of biophotons has been noted in a number of microbial systems, including bacteria, yeast and protozoa [40] , and hamster cells, which have demonstrated photonic communication in a darkened room when separated by a glass window [41] . Photons have also been shown to exhibit a role in intercellular interactions in neutrophils (neutrophil bursts) [23] . These photons are emitted in wavelengths between 400 and 750 nm, the range detected by the photoreceptors of phototrophic bacteria and potentially therefore by mitochondria. In the eye, endogenously generated photons are involved in the relaying of visual information to the cortex via delayed bioluminescence [42] . Together, these observed effects demonstrate the potential for a wider existence of photonic communication.
From research on the effects of external application of photons (including laser), evidence is accumulating that photons may have a role in the mechanism of cellular communication. Sun et al. [43] have demonstrated that light, when applied to sensory and motor nerves in the periphery, can induce endogenously-generated photons in the spinal cord. They also demonstrated that different wavelengths affect the two types of nerves differently. Further, they postulate that this is a protein-to-protein transfer of information. Recently, laser at 473 nm has been shown to initiate the change in hippocampal memory formation to create a false memory in rats using optogenetics, modulating gene transcription factors (C-fos) [44] . A more general example of the influence of light is the external application of light (flashes) affecting the theta wave coherence in migraine-with-aura sufferers in a different way (photophobia) to non-sufferers of migraine. Non-sufferers have more resilience to light [45] , an effect likely due to the fact that some migraine-with-aura sufferers have been shown to possess a polymorphism in potassium leak channels (TRESK mutations) [46] a finding that emphasises the importance of the link between potassium leak channels (K2P) and light as a potential neural integrator.
Consideration of neuronal homeostasis, and the mechanisms (metabolic, genetic, immune) which regulate it in an integrative way at the molecular, tissue and organism level, is of importance to health, disease and the ways in which treatment interventions either succeed or fail. These processes are important in understanding treatment effects and in formulating novel treatments, which is a primary concern of health practitioners and researchers and forms the rationale for the development of the current hypothesis.
Development of the hypothesis rationale
The hypothesis outlined here arose as a result of research into the most appropriate dose of low level laser for effective use with patients having different levels of skin pigmentation [47] . In laser treatment, a biphasic dose-response function is noted, where a minimal dose is necessary for effective treatment and an excess dose is ineffectual [4, 5] , so the finding that more pigmented skin absorbs more laser enabled the generation of an equation for dose adjustment [30, 32] .
During this research, the existence of melanin in the nervous system including the cortex [48] and sympathetic nervous system [49] was noted. This proved to be the entry point to the complex, interlinked system that could mediate the action of laser. Subsequently, a number of studies have implicated neuromelanin in neural communication and homeostasis. Melanin has a role as an organic semiconductor electrical switch involved in ion-to-electron transduction [50, 51] , in the transmission and modulation of nerve impulses [52] and in neuroprotection against oxidative damage in aging and Parkinson's disease [53] . It is also hypothesised to have a role in energy conservation in long distance flight of birds [54] and in epigenetic inheritance [40] .
The ubiquity of melanin thus became the key entry point because melanin and its precursor molecules, including neurohormones and related enzymes tyrosine hydroxylase and tyrosine kinase, are major chromophores. It was their presence in the nervous system and sympathetic nervous system that suggested that melanin has a role in the photomodulation of neuronal input. Park [55] reviewed the role of melanocytes in the nervous system. Melanocytes and neural cells share a common embryological origin. These also share the same signalling molecules, receptors and signalling pathways and include neurotrophins, endothelins, the signalling pathways of Pro-opiomelanocortin (POMC) and the proteins p53 and p73. These pathways influence pain mediation (B opioid and aMSH), inflammation regulation (aMSH), respiratory and diurnal rhythm (melatonin) and hormones such as thyroid and sex hormones [56] . Polymorphisms in melanocortin genes result in albinism, vision and hearing impairment and variation in pain thresholds in red-headed women [57] . One of the main signalling pathways in the melanocortin system is aMSH, which is modulated by LLLT [13] . Melanocortin receptors and signalling molecules regulate inflammation, cardiovascular function and energy metabolism [56] and polymorphisms in their genes result in several diseases, including autoimmune disease [58] and idiopathic pain disorders [59] .
In the initial formulation of this hypothesis, the eye was considered as a model for photon-mediated information processing, since the eye contains melanin, photoacceptors and neural circuitry -all of which are modulated by photons [60] . The adult retina is highly plastic and the neural modulation is predominantly linked through trans-membrane signalling systems. Under pathological conditions, the retina displays structural remodelling, rewiring and reprogramming. These transduction networks converge on a variety of intracellular proteins, for example, kinases, which exert subtle control over target receptors and ion channels [60] . The effect of light on this retinal neural circuitry, and its regulation via tyrosine hydrolysation, suggests a viable model for light/melanin interaction in the nervous system, due the similarities in origin, signalling pathways and the plasticity of both.
Photonic modulation of the nervous system hypothesis
The present hypothesised integrative mechanism for laser treatment effects involves protein-to-protein transfer in the neural system, especially ion channels and prion scaffolding structures, melanocortin and neurotrophin signalling and the gene and telomere system regulation. The common thread in the processes of photon modulation is the use of conformational energy to effect protein-to-protein transfer of information, which especially involves the SUMOylation of ion channels and prion proteins, and is possible due to an endogenous mechanism of photonic modulation.
The further hypothesis presented here is that these laser treatment effects are possible because this existing biological mechanism of photo-modulation involves cellular signalling. Endogenous photons are the result of the oxidation process in metabolism, which produces photons in the 450-750 nm wavelengths as a by-product of reactive oxygen species, super-oxide and nitrous oxide (NO) production. This is the wavelength range of effective LLLT.
Thus it can be hypothesised that endogenous photons act as a signalling mechanism for the regulation of neural pathways from the periphery to the cortex in an integrative manner, to help coordinate the organism's response to external and internal stimuli. There is a primary role for SUMOylation of neural pathways, genes and telomeres in this mechanism of protein-to-protein transfer that underpins photon modulation, which allows for the coordination of short term neural response to long term response of the organism to stimuli. Fig. 1 integrates three lines of research -the effect of laser on nerves (via ion channels, calcium flux, ATP levels), on genes and telomeres (via transcription factors and increased cyclic GMP, and on the neuroimmune systems (via prion, melanocortin and neurotrophin signalling systems). All three systems demonstrate protein to protein conformational transfer by SUMOylation, phosphorylation and tyrosination. Fig. 2 illustrates the effect that SUMOylation has on a variety of cellular processes, both as a result of LLLT and endogenous photons.
Support for the hypothesis
Research for more than forty years in Low level laser therapy (LLLT) (photon wavelength 450-910 nm) has shown that it is an effective treatment for chronic pain, wound healing, tendon muscle and nerve injury [4] especially in conditions that have previously proved unresponsive to other treatments [61] . The current conceptualisation of the mechanisms of action of LLLT involves the absorption of laser by mitochondrial photoreceptors within the mitochondrial membrane, including cytochrome-c-oxidase, flavins and porphoryns [4, 61] , conformational changes in enzymes, including Na-K ATPase and the subsequent production of ATP and an increase in nitrogen oxide (NO) production, which in turn regulates signal transduction in nerves and the cerebral cortex [61] . Laser effects have been shown to depend on the oxidative (Redox) status of the cell [28] , methylation status [62] and melatonin level [63] .
The following research evidence is critical to the argument. Evidence for modulation by laser comes first from the modulation of ion channels. This includes modulation of potassium voltage and leak channels [24, 64] , TRPC channels [4] ATP gated channels [4, 65] and calcium channels modulated by calcium flux [2, 4] . Modulation is observed to occur in the peripheral nerves [2] and in the central nervous system [6] . One of these mechanisms would necessitate a SUMOylation of the Two Pore Potassium leak channels (K2P), which act as signal integrators [17] .
Secondly, there is strong evidence for conformational change to signalling tyrosine kinases (including Src and Syk [66] , MAPK [9] c-Met [67] , c-Kit [9] and their receptors [66] , which would in turn switch on or off the downstream signalling pathways. The tyrosine kinase c-Kit is also involved in the auto-phosphorylation of proteins and intracellular transduction signals [55] . These kinases are in turn involved in signalling of the melanocortin and neurotrophin systems via neurotransmitters and other signalling molecules, including a-MSH, prostaglandins, glia, antiapoptotic protein Bcl-2 [28, 68] and melatonin [4, 13] . Hamblin and Demidova-Rice [10] have stressed the importance in the signalling cascades of cyclic adenosine monophosphate (cAMP) and nuclear factor kappa B as signal transduction pathways increasing cell proliferation and migration of fibroblasts, modulation of cytokines and inflammatory mediators. They feel that low level laser photo-disassociates NO from cytochrome c oxidase with the resultant increase in ATP production [10] . Modulation of the cytochrome c oxidase within the mitochondria by near infra-red light has also been inferred to act as a molecular switch [5] .
Conformational change to microtubules is involved in the trafficking of proteins and mitochondria in the nervous system [69] . Karu [70] used visible and near-infrared laser to activate retrograde trafficking of transduction signals from the mitochondria to the cell membrane. Tubulin proteins, as well as being affected by SUMOylation (K2P channel TREK as ligand), are tyrosinated and these modifications could generate a dynamic microtubule coding system in the neuronal cytoskeleton [71] . Evidence for b-tubulin modification has been provided by Chow et al. [3] when they noted that varicosities were created in cultured dorsal root ganglia neurons (80% of which were nociceptors). This occurred following a laser irradiation dose that was equivalent to a lignocaine nerve block. The modulation of b-tubulin is now hypothesised to result in the SUMOylation of prion proteins.
The increase in ROS, NO and subsequent change in the availability of cyclic GMP affects nuclear transcription factors and nuclear transport proteins. This results in the SUMOylation of genes, most particularly the transrepression of inflammatory genes. An example is the C3 inflammatory gene [73] in macular degeneration treatment and prevention [74] . It is noted in these studies that there is an abscopal effect, whereby not only the irradiated eye is improved, but also the non-irradiated eye. An abscopal effect is defined as a reaction of cells within an organism that have not been directly exposed to irradiation and is assumed to be mediated by the immune system via cytokines [75] . The mechanism is also evident in laser abscopal effects in the heart [76] , in tooth movement [77] and most recently, in the prevention of Parkinson's disease in an animal model where there was a neuroprotective effect via prevention of TH in the brains of irradiated guinea pigs, when laser was applied to the shoulders or hips. Although laser at both sites was effective, irradiation at the closer shoulder was more effective [78] . A further example is the inflammatory genes involved in postoperative effusion by the increase in the anti-inflammatory transcription factor PPARYc [12] . SUMOylation and PPAR are interdependent in the transrepression of the inflammatory response [79] Antioxidant genes (MnSOD) are also up-regulated [6] as are DNA repair genes [80] .
The role of laser effects and endogenous photons on gene transcription should be analysed in parallel [23] and Fig. 1 demonstrates how the three major signalling systems in the body can be integrated to encompass short term response of the organism through rapid neural response, through to medium and long term response, operating via neurotrophin, melanocortin and gene modulation processes.
Conclusion
Current research findings underpin the hypothesis that laser treatment effects -which are known to be complex, varied and nuanced -are the result of an integrated mechanism involving the conformational energy of photon-acting modulating proteinto-protein transfer, primarily through SUMOylation. This is possible because of the presence of an underlying biophoton emission mechanism, occurring as a result of redox status ROS induced emission at the submitochondrial level and retrograde signalling between the mitochondria nucleus and cell membrane. SUMOylation can be modulated by photon conformational energy and involves the regulation of ion channels, prion proteins, telomeres and the cell nucleus. Many diseases that involve the dysregulation of inflammation, cell transduction signalling and prion diseases are known to be modulated by laser. The hypothesis outlined here provides a basis for understanding and integrating existing evidence from research trials on laser treatment for diseases that have included unresponsive pain, neurodegenerative diseases and inflammatory diseases, arthritis and macular degeneration.
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